INTRODUCTION
The determination of the DNA sequences of a large number of genes from a wide variety of species has revealed that, in a large proportion of cases, the alternative synonymous codons for any one amino acid are not used randomly (1, and references therein). Further, it has been noted that a part of this nonrandom usage is species, or rather taxon, specific (2) . However, within species there is considerable heterogeneity between genes, and in the two best studied organisms, namely Escherichia coli and the yeast Saccharomyces cerevisiae, there is a clear positive correlation between degree of codon bias and level of gene expression (3, 4) . Examination of large data sets from these species reveals that within species differences are largely in the degree rather than the direction of codon usage bias (5, 6) .
For many reasons it is desirable to quantify the degree of bias in codon usage in each gene in such a way that comparisons can be made both within and between species. One approach to this problem is to devise a measure for assessing the degree of deviation from a postulated impartial pattern of usage. The codon preference bias proposed by McLachlan et al. (7) is such a measure. Recently Sharp et al. (5) have proposed to calculate the chi square value for the deviation from random codon usage and then scale the value by the gene length (number of codons) so that comparisons can be made between genes.
Another approach is to assess the relative merits of different codons from the viewpoint of translational efficiency. For example, Ikemura (1, 8, 9) has identified certain "optimal" codons in E.coli and yeast which are expected to be translated more efficiently than others, and calculated the frequency of optimal codons in a gene. The codon bias index of Bennetzen and Hall (4), for use with yeast genes, is essentially similar. Such indices are certainly useful, but have several disadvantages. First, some amino acids are usually excluded because it is not clear which codons are "optimal". Second, all codons considered are classified into only two categories, i.e., optimal and nonoptimal, with no recognition that some codons within each category are better than others. Third, there is no good basis for comparison between species because the proportional division of the codon table into the two categories may differ; e.g., Ikemura (1) identified 21 optimal codons for 14 amino acids in E.coli, and 19 optimal codons for 13 amino acids in yeast.
Gribskov et al. (10) have recently proposed another index, the codon preference statistic. This statistic is based on the ratio of the likelihood of finding a particular codon in a highly expressed gene to the likelihood of finding that codon in a random sequence with the same base composition as that in the sequence under study. They show that the statistic is useful for locating genes in sequenced DNA, for predicting the relative level of their expression, and for detecting sequencing errors. However, the statistic is not normalized and therefore the values for two genes encoding proteins with different amino acid compositions can be quite different even if both genes use only the "best" codons.
With various purposes in mind we have devised a new index. It is similar to the codon preference statistic but is normalized so that it is convenient for making comparisons both within and between species. After describing the index, we show some rather varied applications and indicate certain advantages over other indices. In recognition of the role of natural selection in producing high levels of codon bias, we call this statistic the Codon Adaptation Index.
METHODS
We recognize that even in E.coli and yeast the factors determining the frequency of synonymous codon usage are not completely understood, but that several points are clear: the pattern of codon usage in any particular gene is largely determined by natural selection and mutation (5, 6 ); selection appears to occur via translational efficiency, so that synonymous codon usage in highly expressed genes is under the strongest selective constraints (4, 8, 9) ; in E.coli and yeast, very highly expressed genes appear to have the greatest degree of synonymous codon bias (3) (4) (5) (6) 8) . From these points it is deduced that the pattern of codon usage in very highly expressed genes can reveal (i) which of the alternative synonymous codons for an amino acid is the most efficient for translation, and (ii) the relative extent to which other codons are disavantageous. The first step is, then, to construct a reference table of relative synonymous codon usage (RSCU) values from very highly expressed genes of the organism in question. An RSCU value for a codon is simply the observed frequency of that codon divided by the frequency expected under the assumption of equal usage of the synonymous codons for an amino acid (5) . Thus, X..
where X is the number of occurrences of the jth codon for the ith amino acid, and n is the number (from one to six) of alternative codons for the i ith amino acid. The relative adaptiveness of a codon, w , is then the frequency of use of that codon compared to the frequency of the optimal codon for that amino acid: CAIobs
where RSCU is the RSCU value for the kth codon in the gene, RSCU is k kmax the maximum RSCU value for the amino acid encoded by the kth codon in the gene, and L is the number of codons in the gene. Note that if a certain codon is never used in the reference set then the CAI for any other gene in which that codon appears becomes zero. To overcome this problem we assign a value of 0.5 to any X that would otherwise be zero. Also, the number of AUG and UGG codons are subtracted from L, since the RSCU values for AUG and UGG are both fixed at 1.0, and so do not contribute to the CAI.
As illustration, consider the rpsU gene from E.coli which, excluding the initiation codon, comprises 70 codons and has the sequence:
.CCG.GTA.ATT.AAA.GTA. . . . .
For that sequence and from the RSCU values in [3] we can obtain the CAI value.
We note that equation [3] is exactly equivalent to:
(II wk) [6] k-l [7] [8] where Xij and ni are as defined in equation [1] . The positive correlation between degree of synonymous codon bias and expression level in E.coli (and yeast) seems firmly established, but the causal relationship between the two has been debated. We have concluded elsewhere (6) that the degree of codon bias reflects the past action of natural selection --it is indicative of the level at which the gene is expressed, rather than dictating that level. This seems to concur with conclusions drawn from a theoretical model of the translation process (13). Predicting levels of heterologous gene expression. There is experimental evidence that certain codons can affect expression level (14) (15) (16) (17) . For example, the AGG codon markedly affects the translation rate of genes in E.coli (14, 15) . This suggests that for a heterologous gene to have a maximal level of expression its codon usage must correspond to that of the host. By using the RSCU values of potential hosts to calculate CAI values for a heterologous gene it should be possible to predict how well suited that gene would be to the translational systems of those hosts. In Table 4 the CAI values of some genes of biotechnological interest are given for two different potential hosts, E.coli and yeast. In each case these mammalian genes seem better 'adapted' to E.coli, suggesting that high expression might be more easily obtained in that system. Of course, in reality, the choice of host would probably depend on other practicalities. The CAI would, however, suggest whether it is likely to be either necessary or of any benefit to chemically synthesize a new gene, to include more appropriate codons. It should be stressed that the CAI is only an approximate indication of the suitability'of the codon usage within a gene. For example, it takes no account of the distribution of codons along the gene, yet theoretical considerations suggest that this may be very important (18) . A measure of evolutionary adaptedness.
Under certain natural circumstances foreign genes are expressed in host organisms. Viral genes are an obvious example. Codon usage in the many bacteriophages which do not encode their own tRNA molecules should be adapted to the translational machinery of the host. Then the CAI, using host RSCU values, is an estimate of the degree of adaptation. For example, comparison of the pattern of codon usage in the genes of bacteriophage T7 with the relative abundance of cognate tRNA molecules in E.coli (considered to be the usual host of T7) suggests that T7 genes are not so well adapted as E.coli's own genes, although there is clearly some adaptation (19, 20) . This seems to be confirmed by contrasting the distribution of CAI values for T7 genes with those of E.coli ( Figure 1 ). However, the difference seen in Figure 1 could arise in part because the genes contrasted encode different products; for example, T7 encodes no ribosomal proteins. It has been reported that four genes in T7 are homologous to three E.coli genes (21) . A comparison of these genes (Table 5) is not conclusive, because only ssb is highly adapted in E.coli, although in that case the T7 gene does have a lower CAI. The four T7 genes as a group do not seem to be significantly less adapted than the three E.coli genes. In cases where it has not been clear which organism represents the major host for a virus it may prove informative to calculate CAI values with the different RSCU values of potential hosts. For example, despite approximately 65% DNA homology between OX174 and G4, the genomes of these two "coliphages" show a remarkable difference with respect to the frequency of the recognition sites of enterobacterial restriction enzymes (22) . While QX174 (as well as several other coliphages) has a significant avoidance of these sites, presumably reflecting adaptation to infecting E.coli, G4 does not. However, CAI values for the 10 genes of OX174 and G4 are very similar, suggesting that the patterns of codon usage of the two phages are adapted (to E.coli) to equivalent extents.
Natural foreign gene expression would also occur if genes undergo horizontal transfer. Felmlee et al. (23) have discussed a possible example. They reported the DNA sequence of a region of the E.coli chromosome encoding four hemolysin genes, and found that their base composition and codon usage are atypical of that species. This, together with the observation that these genes are found in only a limited number of E.coli strains, was taken as evidence that the genes represent a recent acquisition to this species (23) . The CAI values for these genes are indeed very low, ranging from 0.202 to 0.243. These values are lower than those for nearly all other E.coli genes (see Figure 1 , in which the hemolysin genes are not included), including some (e.g., araC and dnaG) which are expressed at very low levels. Hemolysin is an extracellular protein and would be expected to be expressed at much higher levels than araC or dnaG, so these low CAI values suggest that the hemolysin genes are not well adapted to E.coli, and seem to confirm the suggestion of a recent acquisition. If reference RSCU data were available for a variety of organisms from which the genes could have been transferred, it might be possible to determine the most likely source by comparison of CAI values.
If plasmids were regularly subject to interspecific transfer, then their genes might not become adapted to any one host. Genes on E.coli plasmids tend to have less codon bias than chromosomal genes (3). We note that the three genes of the yeast 2 micron plasmid have very low CAI values (Table 2) . Synonymous codon usage and the rate of molecular evolution.
A major prediction of the neutral theory of molecular evolution (24) is an inverse relationship between the rate of evolution and the degree of selective constraint, i.e., the stronger the constraint the slower the rate of molecular evolution. Indeed, a great deal of evidence confirms this, including the observation that pseudogenes, which are under no apparent constraint, are the fastest evolving DNA sequences (25) . That synonymous substitutions in protein coding genes occur at a slower rate than substitutions in pseudogenes (26, 27) implies that there are selective constraints on the former. If the differences between genes in degree of codon usage bias largely reflect differences in selection pressure on synonymous codons, then the rate of synonymous substitution would be inversely related to the degree of codon bias. The CAI can be used to quantify this relationship. Comparisons of E.coli and Salmonella typhimurium genes do indeed show a significant negative correlation between the rate of synonymous substitution and the CAI (28) . Comparison of codon usage in different organisms.
Meaningful comparisons of codon usage in different organisms can be made if care is taken in defining the reference set of genes from which the RSCU values are calculated. The reference sets we have chosen for E.coli and yeast comprise very similar collections of genes, yet the distribution of CAI values for genes from these two organisms are rather different. Very highly expressed genes in yeast have on average a more extreme codon bias than their counterparts in E.coli, as seen for example with ribosomal protein genes ( Table 2 ). The reference set of RSCU values reflects this, and so the genes with least codon usage bias in yeast have lower CAI values than genes in E.coli, as a result. It is particularly interesting to note that cluster analysis of yeast genes based on their synonymous codon usage clearly differentiates two groups, identified as comprising highly and moderately/lowly expressed genes (5) , and that those two groups correspond almost exactly to the bimodal distribution of CAI values for yeast genes in Figure 1 . By contrast, cluster analysis does not so easily differentiate highly and lowly expressed genes in E.coli or in T7 (5) and the distributions of CAI values from those organisms are unimodal ( Figure 1 ). It is not clear why selection has apparently been more successful in producing high codon bias in yeast than in E.coli. Li (29) has shown that the effectiveness of selection in maintaining synonymous codon bias depends largely on the strength of selection and effective population size. It could be that the strength of selection is stronger in yeast than in E.coli because the required amount of certain gene products, such as ribosomal proteins, is larger. It is also possible that the effective population size i3 larger in yeast than in E.coli because the latter has a largely clonal population structure (30) .
We note that comparisons between species can be difficult when the reference sets of genes have quite different levels of bias in codon usage. For example, very highly expressed genes have a much lower bias in codon usage in Bacillus subtilis than in E.coli or yeast (Shields and Sharp, in prep.) . Then, in B.subtilis, there are few codons with very low w values.
As a consequence, CAI values for other genes in B.subtilus are, on average, higher than those seen in the other species, even though the B.subtilus genes have clearly less bias. The CAI given by equation [4] is less obs affected by this difference in the reference set, and may form a better basis for comparison between species under these circumstances. Identification of protein-coding reading frames. Several of the indices of codon usage bias were originally devised in order to ascertain the likelihood that open reading frames are indeed protein-coding. As with the other measures, the CAI should be useful in this context, particularly in locating genes of moderate to high expression. However, some of the points outlined above indicate that difficulties may arise in interpreting low CAI values. Thus, while a high CAI is probably a good indication that a reading frame is protein-coding, a low CAI may indicate a gene of low expression, a gene of heterologous origin (as with the hemolysin genes), or a noncoding region that happens to contain no termination codons. The CAI value expected for a random sequence can easily be calculated, but a relatively high value for a noncoding sequence may arise simply because DNA is not a random sequence of nucleotides, or because there is a coding sequence on the complementary strand (31) . For example, an E.coli gene with no UUA, CUA or UCA codons, but otherwise having the typical codon composition of a nonhighly expressed gene (6), would give rise to an in phase open reading frame on the complementary strand with a CAI of approximately 0.28, which is similar to the lower values seen for E.coli genes ( Figure 1 ) and somewhat higher than the value (about 0.17) expected for a random sequence. Comparison of CAI with other indices.
The CAI is a very simple measure of the extent of synonymous codon usage bias, specifically in the direction of the bias seen in highly expressed genes. It has the advantage, compared with indices which measure only the frequency of certain optimal codons, of taking account of all 59 codons where synonymous alternatives exist, each in a quantitative manner.
For example, both the codon bias index (4) and the frequency of optimal codons (1) treat GCU and GCC equally, as preferred codons for Ala in yeast, and yet the frequency of GCU is approximately three times that of GCC in very highly expressed genes (Table 1) . With heterologous gene expression in mind it may be of primary importance to know the frequency of particularly disadvantageous codons in a gene. Simpler indices compound these very rare codons with others not in the 'optimal' category. Thus in E.coli AUA and AUU are treated equally (1), despite their very different frequency of use (see Table 1 , and Ref.6) . Again the CAI takes account of these differences quantitatively.
The codon preference statistic (10) is similar but not identical to the CAI given by equation [4] . One difference is that in calculating the obs codon preference statistic the p values (analagous to RSCU in equation [4] ) are adjusted to take account of base composition. Another difference is that the CAI value is scaled to allow for the different amino acid compositions of different proteins (see equation [3] ), and has a range from 0 -1.0. Although this scaling cannot completely compensate for differing amino acid compositions, it facilitates comparisons between genes.
Our discussion of the use of the Codon Adaptation Index has focussed on unicellular organisms because the determinants of codon usage in multicellular organisms are not well understood (1) . For example, it appears that the mammalian genome comprises regions of quite different G+C content (32) , and that local G+C content is an important influence on codon usage in any one gene (1) . Also tRNA abundancies are important selective constraints on codon usage, and in multicellular organisms tRNA populations vary among tissues. We also note that the only mammalian ribosomal protein genes for which DNA sequence data are available (two from mouse and two from rat --see Ref. 33 ) do not seem to show particularly high synonymous codon bias. It may be possible in the near future to derive a reference set of RSCU values from other highly expressed mammalian genes, and/or it may prove necessary to take into account the tissue in which the gene is expressed, for example by having several reference sets.
